Cells of higher eucaryotes are known to possess mechanisms of illegitimate recombination which promote the joining between nonhomologous ends of broken DNA and thus may serve as basic tools of double-strand-break (DSB) repair. Here we show that cells of the fission yeast Schizosaccharomyces pombe also contain activities of nonhomologous DNA end joining resembling the ones found in higher eucaryotes. Nonhomologous end joining activities were detected by transformation of linearized self-replicating plasmids in yeast cells employing a selection procedure which only propagates transformants carrying recircularized plasmid molecules. Linear plasmid substrates were generated by duplicate restriction cuts carrying either blunt ends or 3' or 5' protruding single strands (PSS) of 4 nt which were efficiently joined in any tested combination.Sequence analysis of joined products revealed that junctional sequences were shortened by 1 to 14 nt. Two mechanisms may account for junction formation (i) loss of terminal nucleotides from PSS tails to produce blunt ends which can be joined to abutting ends and (ii) interactions of DNA termini at patches of sequence homologies (1-4 bp) by formation of overlap intermediates which are subsequently processed. A general feature of the yeast joining system is that end joining can only be detected in the absence of sequence homology between the linear substrate and host genome. In the presence of homology, nonhomologous DNA end joining is efficiently competed by activities of homologous recombination.
INTRODUCTION
Events of illegitimate recombination may proceed by random DNA breakage and subsequent rejoining of broken DNA at nonhomologous sequence positions. While DNA double-strandbreaks (DSBs) may arise fortuitously by a variety of cell internal and external influences (1, 2) , the rejoining of DNA demands specific cellular mechanisms able to link unrelated DNA ends into covalent duplex structures by reactions more complex than mere ligation (2, 3, 4) .
Several different illegitimate recombination systems promoting e.g. viral integration into host genomes (5, 6) , immunoglobulin rearrangements (3, 7, 8, 9) as well as chromosomal rearrangements (10, 11) have been proposed to proceed by similar end joining mechanisms. This notion was supported by the repeated detection of characteristic mutations such as base pair substitutions, small deletions or insertions found at junctional breakpoints of illegitimate recombination events in these different systems (2) . The underlying nonhomologous DNA end joining mechanisms may also be involved in the elimination of lethal DNA DSBs and may provide an alternative to known pathways of homologous recombination outlined in the double-strand-breakrepair model (12, 13, 14) . While the latter mechanism strictly depends on extensive sequence homologies and reliably restores the original sequences at the breaks, illegitimate DSB removal via nonhomologous DNA end joining is independent of sequence homology but a mutagenic process (15, 16) . Mechanisms of nonhomologous DNA end joining have been studied in detail in vivo in cultured mammalian cells (17, 16) and in vitro and in vivo in extracts from Xenopus laevis eggs (4, 15, 18, 19, 20, 21) . These systems were shown to efficiently join nonhomologous terminus configurations containing either blunt or short protruding single strand (PSS) ends. Whereas only few junctional sequences exhibited larger deletions, the majority of junctions suggested a direct interaction of DNA ends tending to preserve the sequences of parental PSS ends.
While systems promoting nonhomologous DNA end joining predominate in higher eucaryotes comparable systems have been reported to occur only at low frequencies in E.coli and S.cerevisiae (2) . Experimental evidence that the two distantly related yeast species S.cerevisiae and S.pombe can promote nonhomologous DNA end joining was derived from recircularisation events of transformed linearized plasmids and from illegitimate integration of exogenous DNA into chromosomes (22) (23) (24) (25) (26) (27) (28) (29) . The comparison of preinsertion sequences with the termini of linearized transformed plasmid molecules indicate the presence of short patches of sequence homologies at integration sites (22, 27, 28) resembling integration *To whom correspondence should be addressed at: Institut Curie, Pavilion Troullet-Rossignol, 26 rue d'Ulm, 75231 Paris, France events observed in mammalian cells (30, 31, 32) . However, in contrast to the situation in higher eucaryotes, in yeasts nonhomologous integration events occur at exceedingly lower frequencies compared to integrations at homologous sites.
Here we present a systematic study of DNA end joining activities using various nonhomologous terminus configurations. We show that cells of the fission yeast Schizosaccharomyces pombe in fact contain an efficient system of nonhomologous DNA end joining which shares several common features with the above mentioned systems in vertebrate cells. However, the efficiency of this activity depends on the absence of homologous sequences flanking the original DSB.
MATERIALS AND METHODS Strains
Schizosaccharomyces pombe h~ strains carrying the ura4-D18 or ura4-294 mutation (23) were gifts from J.Kohli (Bern) and used as hosts in transformation assays to detect activities of nonhomologous DNA end joining. The pEGl and pEG114-i2 shuttle vectors were grown in E.coli recA" strain DH5a (BRL).
Plasmid construction
Standard cloning techniques were used to generate the recombinant plasmids pEGl and pEGlD. Plasmid pEGl (Fig.  1A) is based on the pSP65 plasmid (Promega) which contains a 1.2kb BamH 1 -Sail fragment of lambda-DNA in the equivalent sites of its polylinker (33) . In this construct the Hindin fragment of the S.pombe ura4 gene (23) and the 1.2kb EcoRI fragment carrying the S.pombe arsl element (34) were inserted at equivalent sites of the polylinker. pEGID was obtained from pEGl by excision of the lambda-fragment with Smal and Hindi and subsequent blunt end ligation. This plasmid is of similar size as the in S.pombe recircularized junctional plasmids and serves as control for the efficiency of transformation and joining.
pEG114 is a plasmid that was recovered from a joining experiment using the SacI-PstI terminus configuration. Due to a deletion this plasmid lacks all restriction sites of the original polylinker except the EcoRI site ( Fig. 2A upper right corner) . A 77mer double stranded synthetic oligonucleotide carrying a new polylinker flanked by S.pombe intron consensus sequences (35) was inserted by blunt end ligation in the single StuI site of the plasmid to yield pEGl 14-i2. The sequence of top strand of the artificial intron was: 5'-GTATGAATTCTCGAGCCCG-GGATCCGAGCTCCCTGCAGCCCGTCGACAAGCTTACT-AACTGGCCGTCGTTTTACTAG-3'. As a result of the cloning procedure the StuI site of the ura4 gene is disrupted (Fig. 4) . The intron-containing allele, designated ura4-i77, is functional in S.pombe as demonstrated by efficient transformation of strains which carry the ura4-D18 mutation.
Substrate preparation
Linear DNA substrates carrying nonhomologous terminus configurations for the investigation of DNA end joining activities were prepared from pEGl and pEGl 14-i2 by duplicate cuts with two different restriction enzymes in the plasmids' polylinkers. 5 different pEGl-derived substrates with 3'PSS/3'PSS (SaclPstl), 5'PSS/5'PSS (BamHI-Sall), blunt/3'PSS (Smal-Pstl), 5'PSS/blunt (BamHI-Hindi) and 5'PSS/3'PSS (BamHI-PstI) terminus configurations were generated by the excision of the diagnostic lambda-fragment. One pEG114-i2-derived substrate was obtained by double cutting within the intron sequence with Sad and PstI to produce a 3'PSS/3'PSS terminus configuration. The transformed fragments were purified by gel electrophoresis.
Transformation of S.pombe cells
In S.pombe transformation assays lOOng of linearized plasmids were employed following the protocol of Broker (36) using standard fission yeast media as described in Gutz et al. (37 
PCR and sequence analysis of junctional PCR fragments
For the amplification of junctions obtained from pEGl-derived substrates an arsl-specific pi: (5'-GCTCATATGTTATG-AGTATACCTA) and a ura4-specific p2: (5'-GGGTATTATA-CAAGGCCTCAAGAA) primer (Fig. 1C) were used in PCR assays at a final concentration of 25/tM per primer. Junctions obtained from pEGl 14-i2 derived substrates were amplified using a ura4-specific primer pair p4:(5'-TCAGCTAGAGCTGAGGG-ATG); p5:(5'-ATATCTCTT GGCTTCGACAACAGG) to yield PCR fragments specific for the ura4-294 and ura4-i77 alleles (Fig.  5 ). Allele specific amplification was performed to obtain distinguishable fragments from each allele permitting sequence analysis of the two different ura4 alleles present in the same cell. The ura-294 allele was amplified with primer pa3: (5'-GTATTATACAAGGGTATGAATTC) and the ura4-i77 allele with pa2: (5'-GTATTATACAAGGCCTCAAAGAA-GTT). p5 served as reverse primer in both cases ( 
RESULTS

Experimental system
To detect activities of nonhomologous DNA end joining in cells of S.pombe suitable linearized pEGl plasmids bearing two nonhomologous restriction termini with either blunt ends or 4nt long 5'-or 3'PSS were introduced by transformation ( Fig. 1A and B). The genetic constitution of plasmids and ura4-recipient cells was chosen so as to propagate only cells maintaining successfully recircularized and therefore replicating plasmids ( Fig. IB and C) . To exclude that ura4 + transformants resulting from homologous recombination between the plasmid and the host genome an S.pombe strain which carries the ura4-D18 deletion was used as recipient (23) . This strain lacks the entire chromosomal copy of the ura4 selection marker, nereby necessitating that ura4 + transformants contain the extrachromosomal copy of the ura4 gene on the plasmid which has been recircularized by nonhomologous DNA end joining. Single ura4 + clones were used to isolate rejoined plasmids whose junctions were amplified by the polymerase chain reaction (PCR) method and subjected to sequence analysis. This experimental approach is superior to amplification of junctional products by cloning in E.coli because it avoids possible artifacts resulting from bacterial DNA repair and recombination activities.
The extrachromosomal maintenance of transformed plasmids which is supported by the arsl element, was verified by standard plasmid stability tests (38) . After growth for 48h under nonselective conditions and plating on rich medium 80-90% of the cells of 31 independently picked clones had lost their plasmids as detected by loss of the ura4 marker after replica plating on selective medium. This demonstrates that the ura4 + phenotype did not result from nonhomologous integration of the plasmid into the host genome.
Transformation of S.pombe cells with linear substrates was found to be almost as efficient as control transformations with the equally sized covalently closed circular (ccc) pEGID plasmid (Tab. 1). Since the formation of ura4 + clones after transformation with linear plasmid molecules depends on their successful recircularization we conclude, that nonhomologous DNA end joining is an efficient process in S.pombe. All 5 different linear substrates tested yielded similar transformation frequencies indicating that nonhomologous DNA end joining manages to process different terminus configurations with comparable efficiencies.
Junctional sequence analysis
The junctions of 106 independently picked ura4 + clones were amplified by PCR using primers pi and p2 (Fig. 1C) . As judged from gel assays the resulting junctional PCR fragments were lkb in length in agreement with the distance of primer positions (data not shown). The constant size of these junctional PCR fragments indicates that in general no extended deletions or insertions are generated during junction formation. Only 3 clones with reduced fragment sizes were observed due to extended deletions affecting one or the other terminus of the corresponding substrate. Junctions of 5 further ura4 + clones failed to be amplified by the combined use of primers pi and p2. In these cases, larger deletions probably account for the loss of at least one primer binding site. The relative low frequency of only 7.5% clones (8/106) with large deletions might be selectively biased by the fact, that junctional positions are located in close of vicinity to essential sequences of the ura4 gene and the arsl element, functionally restricting deletions within these regions to a minimum. The 8 deletion clones were excluded from further analysis. The sequences of the remaining 98 junctional PCR fragments of lkb unit length are summarized in the matrix schemes of Fig. 2 . This kind of display has been used before (16) and was chosen here, because it allows one to directly correlate parental terminal sequences with breakpoint positions 
in relation to base matches and other features of junctional sequences.
Inspection of junctional breakpoints
Analysis of the observed patterns of breakpoints (Fig. 2) reveals that most of them are positioned proximal of the ultimate nucleotides of the parental DSB ends. Thus, in most cases (97/98) terminal sequences are shortened by a few nucleotides during junction formation. In 3 exceptional rare cases single extra nucleotides are added at breakpoint positions of otherwise shortened terminal sequences ( Fig. 2A and E) . As shown in the histogram of Fig. 3 the frequency of terminal nucleotide loss depends on the structure of parental DNA termini. While more than half of all parental blunt ends remained intact, almost all parental 5' and 3'PSS ends (96/98) were shortened, suggesting the presence of 5' and 3' exonucleolytic activities. Approximately 90% of these deletions affect terminal single strand portions (1-4 nt) wheras only 10% reach further into the adjacent duplex region (1 -9bp). The frequency of nucleotide loss from PSS tails steadily increases from distal to proximal to reach its maximum at the blunt end position (approximately 30%) (Fig. 3 ). This suggests that the system prefers to eliminate PSS termini to produce blunt ends which appear to be much more resistant towards exonucleolytic attack than PSS tails. Parental blunt ends are rarely resected by more than lbp (25%) so that larger deletions affecting adjacent duplex regions occur infrequently. The different stabilities of blunt ends versus PSS may explain the observed clustering of breakponts at blunt end positions indicated by bold lines (Fig. 2 A-E) . The obtained junctions (Fig. 2 A-E) include those which result from joinings of PSS tails (SS junction), joinings of PSS tails with double-stranded regions (DS junction) and joinings of two double stranded regions (DD junction).
Apart from the frequent terminal nucleotide loss, another outstanding feature of junctional patterns is reflected by the fact that roughly one half of all junctions (46/98) exhibit short patch homologies of one to four basepairs in length while the other part highly coincides with blunt end positions of at least one partner terminus (18/21 DS junctions and 23/24 DD junctions).
Thus, the analysis of the distribution of junctional breakpoints revealed two types of junctions which may account for two different mechanisms is involved in junction formation. One mechanism that preferentially joins abutting ends (two blunt ends or a blunt and a PSS tail) whereas the other mechanism involves the recognition of patch homologies by overlap formation between fortuitously matching basepairs of interacting DNA termini. Our experiments indicate, that both junction types appear with about the same frequency in S.pombe cells.
Nonhomologous DNA end joining is rarely detected in the presence of extensive chromosomal sequence homologies Due to the absence of extensive sequence homologies between the broken plasmid substrate and the host genome any interference between nonhomologous DNA end joining and homologous recombination were excluded in the experimental conditions used so far. To address the question whether nonhomologous DNA end joining can succeed in the presence of homologous chromosomal sequences we employed a linear substrate with 3TSS/3TSS terminus configuration (SacI-PstI) derived from pEGl 14-i2 to transform a S.pombe strain with the ura4-294 point mutation (Fig. 4) . In contrast to the strain used before, this strain contains an inactivated chromosomal copy of the ura4 gene and therefore provides extended sequence homology between vector and host. The pEGl 14-i2 plasmid used for substrate preparation carries a ura4 allele modified by the insertion of a synthetic intron which contains unique restriction sites (Fig. 4) . The intron containing ura4 allele, designated as ura4-i77, is functional and Fig. 2A and materials and methods section) . Symbols are as in Fig. 1 A. The ura4 gene was modified by insertion of a 77mer oligonucleotide containing a new polylinker flanked by intron consensus sequences. Linear DNA substrates derived from this plasmid were generated by duplicate restriction cuts within the new polylinker. (B) Sequence of the synthetic 77mer intron which was cloned into die single StuI site of the ura4 gene. Arrows indicate the basepairs of the consensus sequence of the splice acceptor and donor site and the TACTAA-C-box (9) . The boxed sequence is excised from the pEGl 14-i2 plasmid by double cutting with Sad and PstI. The underlined nucleotides indicate a 3 nucleotide patch homology coinciding with the breakpoints identified after sequencing the 401 bp fragment (Fig. 6, lane 10) . To analyse by which mechanism DSBs were repaired we used a PCR assay, which can distinguish between the two ura4 alleles. Since both alleles differ in size by the intron (77bp), two different PCR fragments (776bp and 699bp) are obtained with the primer combination p4 and p5. Allele specific amplification of the intron containing ura4 allele is achieved with the primer combination pa2 and p5, which yields a 401bp fragment and of the chromosomal ura4 allele with the combination of pa3 and p5, which yields a 324bp fragment. (4) has lost its ura4 + phenotype under nonselective conditions but still exhibits the 699bp fragment derived from the chromosomal ura4-249 copy, indicating the presence of the ura4 + marker maintained on the plasmid (6) PCR products (699bp and 776bp) obtained from a single out of 26 ura4 + transformants indicating coexistence of the extrachromosomal ura4 copy which was repaired by DNA end joining in the presence of the chromosomal ura4-294 allele. (7) after nonselective growth of the clone analyzed in lane 6 the extrachromosomal copy is lost, whereas the chromosomal copy still yields the 699bp signal. Lanes 8-12: Allele specific PCR amplification of the clone tested in lane 4 yields no fragment with primer pair pa2 and p5 (8) and a 324bp fragment with pa3 and p5 (9) . (11, 12) show the same experiment for the clone of lane 6: here both primer combinations yield distinguishable fragments of 324bp and 401bp. Sequence analysis of the 401bp fragment revealed a genuine SacI-PstI junction containing a 3bp patch homology at its breakpoint (Fig. 5). stably propagated in S.pombe as demonstrated by efficient transformation of S.pombe strains carrying the ura4-D18 deletion and the ura4294 point mutation, respectively.
The ura4-i77 allele differs in size from the endogenous ura4-294 allele of the host which allows distinction of allelic DNAs by PCR analysis using the primer configurations outlined in Fig. 5A . PCR amplification of the ura4-gene of untransformed strains with the ura4-294 mutation results in a single PCR fragment of 699bp reflecting the distance between primers p4 and p5. Control transformations of covalently closed circular pEGl 14-i2 in the ura4-D18 deletion strain yield a larger fragment of 776bp reflecting the presence of the additional 77bp intron sequence. As expected, control amplifications of untransformed ura4-D18 strains with these primers yield no fragment.
This assay was used to test 26 independently formed ura4 + clones which emerged after transformation of the host carrying the ura4-294 mutation with SacI-PstI linearized pEG114-i2 plasmid. Two types of transformants were detected by PCR analysis (Fig. 5B) : a major type (25 clones), which exclusively yielded a unique band corresponding to the 699bp fragment and a minor type represented by a single clone (1/26), which yielded a significant double band corresponding to fragment lengths of 699bp and 776bp. To exclude that the ura4 + phenotype of these transformants was not simply due to chromosomal integration of parts or the entire intact ura4 gene transformants were submitted to segregation analysis in nonselective medium. This resulted in the loss of the intact ura4 + gene in the descendants of all 26 clones showing that the gene resided on the extrachromosomally maintained plasmid (data not shown). This therefore excludes both chromosomal integration and mutational reversion as cause for the generation of the ura4 + phenotype. PCR analysis of the clones which had lost their plasmids after segregation in all tested cases exhibited only the 699bp fragment while the 776bp fragment was lacking.
To verify that the 776bp fragment really resulted from SacI-PstI joined molecules and not from contaminating uncut (ccc) plasmid allele specific primers pa2 and pa3 were employed for selective amplification of alleles ura4-i77 and ura4-294 (Fig.  5A) . The allele specific primers were directed against the exon-intron border at the 5'-splice site of the ura4-i77 allele and the StuI site of the chromosomal ura4-294 allele, respectively. Thus, they in fact allow the selective amplification of alleles containing or lacking the intron. The longer PCR product (approx. 401bp) is diagnostic for the intron sequence whereas the shorter 324bp fragments are indicative of the StuI containing chromosomal ura4 copy (Fig. 5) . Sequencing of the larger fragment revealed that the presence of a 3nt long patch homology was recognized in this junction (Fig. 4B) while the smaller ones contained intact StuI sites. No PCR product was obtained from amplification of ura4 + transformants which otherwise yielded exclusively the 699bp p4 and p5 primed PCR product. This demonstrates that the smaller fragment size in these clones is not due to deletion events affecting most of the intron sequence.
DISCUSSION
In this study we examined activities of nonhomologous DNA end joining in the fission yeast Schizosaccharomyces pombe. Using a transformation assay we introduced linearized self replicating plasmid molecules into host cells of suitable genotype and showed that the S.pombe joining system manages to join any tested pair of nonhomologous restriction termini with comparable efficiencies. The two most obvious features deduced from junctional sequences are (i) the loss of terminal nucleotides and (ii) the presence of patch homologies at junctional breakpoints.
The frequent loss of terminal nucleotides is reflected in the distribution of junctional breakpoints. Only one single junction was detected in which both internal sequences had been completely preserved (Fig. 2D) . All other junctions contained small deletions ranging in size from 1 -13nt. The clustering of junctional breakpoints at the borders of single to double strands in DS-and DD junctions (bold lines in matrix schemes) indicates that terminal nucleotide loss preferentially generates blunt ends. This is also reflected in the higher stability of parental blunt ends relative to PSS ends. The increased sensitivity towards nucleolytic degradation of PSS versus blunt ends is also indicated by the relative low frequency of deletions reaching into terminal double strands which rapidly decreases with increasing distance from the blunt end position. The fact that terminal nucleotides were removed from both 5' and 3'PSS with comparable probabilities suggests the existence of 5' and 3' single strand specific exonucleolytic activities. The rare addition of single nucleotides to terminal sequences is consistent with previous findings in nonhomologous end joining systems, but the mechanism by which this addition occurs is not clear (39, 17) .
The high coincidence of approximately 40% of all junctional breakpoints with blunt end positions (either original ones or generated by loss of entire parental PSS tails) suggests that these junctions arise from interactions of two blunt ends with each other or with a shortened PSS tail. The joining of a PSS to a blunt end requires fill-in DNA synthesis to yield continuous duplex DNA. While fill-in of 5'PSS is easily achieved due to the presence of a recessed 3'end, fill-in of 3'PSS must be necessarily primed at the 3'end of the juxtaposed partner terminus. This joining mechanism resembles the 'fill-in' mode found in Xenopus egg extracts which joins abutting terminus configurations (blunt/3'PSS; 5'PSS/3'PSS) by reliably preserving complete PSS sequences by fill-in DNA synthesis (4) . In this joining system, fill-in of the 3'PSS was shown to be primed at the partner terminus before the ends had been linked by ligation. This topological problem was postulated to be solved by terminal DNA binding proteins, so-called 'alignment factors', which achieve precise structural alignment of juxtaposed noncovalently linked partner termini to facilitate subsequent fill-in and ligation reactions (4) . A similar mechanism could also account for the formation of junctions involving blunt ends in the S.pombe in vivo joining system suggesting the existence of alignment factors.
One outstanding feature of the S.pombe system is the frequent nucleotide loss from PSS tails to preferentially produce blunt ends whereas only few larger deletions occur. This contrasts to the situation in some other in vivo systems where terminal degradation of DNA ends mostly leads to larger deletions affecting proximal duplex regions. In the Xenopus in vitro system, PSS tails are generally preserved and larger deletions are relatively rare events. This might reflect one of the differences between the in vivo and in vitro state of joining systems. While nucleases in the in vivo systems may develop their full activities at physiological temperatures they may be more restricted at the lower incubation temperatures and buffer conditions used in the Xenopus in vitro system. However, due to the frequent loss of 1 -4nt from PSS tails, complete PSS sequences are only rarely preserved by the yeast joining system, which contrasts to the situation in the Xenopus in vitro system where PSS tails mostly remain intact and deletions affecting PSS tails and adjacent double strand regions occur only infrequently (15, 21) . Like the S.pombe system other joining systems also exhibit higher rates of terminal nucleotide loss and larger deletions (11, (40) (41) (42) (43) (44) (45) . This might reflect one of the differences between the in vivo and in vitro state of joining systems. While nucleases in the in vivo systems may develop their full activities at physiological temperatures, they may be more restricted due to lower incubation temperatures and buffer conditions used in the Xenopus in vitro system.
The second feature of the S.pombe joining system is the frequent coincidence of junctional breakpoints with microhomology patches that range in size from 1 -4bp. Due to the small size of the homology patches it could be argued that this coincidence is by chance. However, the frequency calculations confirm that the observed values of breakpoint coincidence with patch homologies lies above the expected level for chance coincidence which strongly suggests an active interaction of termini at positions of patch homologies by overlap formation. The presence of patch homologies is found not only in SS but also in DS-and DD junctions suggesting recognition of homology patches within duplex DNA. Two different mechanisms could account for the generation of these junctions: (i) homology patches could be exposed by premature single strand degradation of duplex DNA and subsequent annealing of the single strands at regions of microhomologies (resection-annealing model) (19, 45) . (ii) the other model suggests single strand invasion in duplex DNA, annealing at regions of microhomologies followed by nucleolytic trimming of the displaced single strand(s) (strand invasion model). Although we cannot conclusively discern between these two possibilities some of our results rather support the strand invasion model.
Overlap formation induced by single fortuitous base matches should preferentially occur between two antiparallel PSS tails. However, only 17% of SS junction breakpoints of the 3'PSS/3'PSS terminus configuration coincide with a patch homology ( Fig. 2A) whereas 80% of all SS junction breakpoints of the 5'PSS/5'PSS terminus configuration contain a patch homology (Fig. 2B) . If the degradation model accounted for the process of overlap formation both antiparallel PSS configurations should yield similar frequencies of homology containing SS junctions. The observed difference could be due to the polarities of the involved PSS tails. In contrast to 3'PSS, 5'PSS can be readily filled in to yield blunt ends which then could participate as double strands in overlap formation with another PSS tail. Interestingly, several of the SS-and DS junctional breakpoints of the 5'PSS/3'PSS terminus configuration also exhibit homology patches which only could be formed after primary fill-in of the 5'PSS tail (Fig. 2E) . That 3'PSS readily form base match induced overlaps with duplex DNA is seen in the DS junctions of the 3'PSS/3'PSS and blunt/3'PSS terminus configurations ( Fig. 2A  and C) . All cases discussed here support the strand invasion model, in which duplex DNA is a prerequisite to induce the formation of overlaps. Formation of overlaps could be facilitated by a helicase mediated process. Deletions whose junctional breakpoints were located at positions of microhomologies were also detected in other joining systems (16, 40, 41, 43, 45) . Unfortunately, in none of the systems the joining of 5'PSS/5'PSS terminus configurations was directly compared with that of 3'PSS/3'PSS configurations so that there are not enough data to support either of the proposed models.
Although S.pombe possesses an efficient system capable of promoting nonhomologous DNA end joining, this activity does not operate under partially diploid conditions. This was shown in transformation assays using a host strain providing chromosomal sequences that are homologous to the broken molecule. Under these conditions only 1 out of 26 ura4 + transformants resulted from nonhomologous DNA end joining, whereas all other clones were generated by homologus DSB repair, converting the plasmid bound intron allele into the sequence encoded by the chromosomal ura4 sequence. These data underscore the predominance of homologous recombination pathways over nonhomologous DNA end joining in S.pombe. A similar situation is observed in bacteria and S.cerevisiae (22, 40, 41, 45) . In contrast to higher eucaryotes, these organisms have small genome sizes (2) and contain little repetitive and unessential DNA. This could explain the stronger requirement for high fidelity mechanisms which reliably restore the original sequences at the break and thus avoid mutations and genomic rearrangements jeopardizing cell survival. On the other hand, mechanisms of nonhomologous DNA end joining could represent alternative pathways to eliminate highly lethal DNA DSB if no extensive sequence homologies are available to facilitate homologous recombination. An attractive hypothesis is the coexistence of two double-strand-break repair pathways one of which eliminates DSBs from haploid sequences whereas the other deals with multicopy sequences.
